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Abstract Textile grade long natural cellulose fibers

with fineness of 27 dtex have been extracted from bark

of cotton stalks by a combination of steam explosion,

potassium hydroxide and peroxide treatments (explo-

sion–KOH–H2O2). It was reported that natural cellu-

lose fibers from bark of cotton stalks had significantly

better mechanical properties than those from other

lignocellulosic agricultural byproducts such as rice

and wheat straws. Fibers from bark of cotton stalks

were used to reinforce thermoplastic composites but

could not be spun into yarns for textile applications

due to their high fineness value (around 50 dtex) and/

or low aspect ratio (around 660). In this research, barks

of cotton stalks were treated using three methods,

including steam explosion, a combination of steam

explosion and potassium hydroxide treatments (explo-

sion–KOH) and explosion–KOH–H2O2. The mor-

phology, composition, carding yield, crystalline

structures and tensile properties of three different

cotton stalk fibers were analyzed. Results showed that

cotton stalk fibers extracted by explosion–KOH–H2O2

had the lowest fineness value of 27 dtex and moderate

aspect ratio of 1,150 in three kinds of fibers. The fibers

also had most clean and smooth surfaces, highest

carding yield of 68.6 %, and highest cellulose content

of 82.1 wt% due to effective removal of non-cellulose

impurities. Moreover, the fibers had tensile properties

close to cotton fibers. Overall, the cotton stalk fibers

presented a better potential to be used as textile fibers

than those reported by previous researches. explosion–

KOH–H2O2 could be an efficient method for exploring

textile applications of bark of cotton stalks.

Keywords Natural cellulose fibers � Bark of cotton

stalks � Agricultural byproducts � Steam explosion �
Pretreatment

Introduction

Cotton stalks are an abundant lignocellulosic byprod-

uct from cotton production and there is an increasing

interest in studying the potential of using cotton stalks

as a resource. The yield of cotton stalks are three times

that of cotton per acre (Akdeniz et al. 2004). Cotton
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stalks are available in a great deal and at low cost. The

potential of utilizing cotton stalks as reinforcing fibers

for composites (Li et al. 2003; Satyanarayana et al.

2009), biofuel (Zheng et al. 2008), thermal insulation

board (Zhou et al. 2010) and activated carbon

materials (Deng et al. 2009, 2010a, b) has been

investigated. However, most cotton stalks are still

burned in the field currently.

Textile grade long natural cellulose fibers from bark

of cotton stalks will provide a good alternative to

traditional textile fibers, which will promote the

sustainable development of textile industry. In 2012,

global fiber consumption was 79.37 million tons,

which was 2 % higher than that in 2011. However, the

sustained growth of fiber production is facing many

challenges nowadays. Firstly, cultivation of major

fiber crops in the world has been declining in recent

years due to the competition of the higher income

biofuel crops such as corn and soybeans (Reddy and

Yang 2009). Secondly, substantial increase of chem-

ical fiber production seems infeasible because of rising

oil prices and conservation of forest resources. Finally,

the environmental problems caused by the degradation

of synthetic fibers are attracting more and more

attentions. Cotton stalk barks could be used to extract

natural cellulose fibers (Reddy and Yang 2009; Li

et al. 2012; Zhou et al. 2012) and the fibers had

significantly higher mechanical properties than those

from other lignocellulosic agricultural byproducts

such as rice and wheat straws (Wu et al. 2010; Reddy

and Yang 2009).

Fibers suitable for textile application need to meet

certain requirements especially on fiber morphology

and mechanical properties. Fineness is one of the most

important parameters to determine the application

value of the fibers. For instance, conventional flax

staples with diameters of 20–50 lm are quite difficult

to be blended with polyester fibers in cotton spinning

system when flax proportion reached 20 wt%. How-

ever, flax staples can be processed conveniently if

their diameters decrease to 12 lm (Harwood et al.

2008). Aspect ratio is another important parameter for

textile fibers. Natural cellulose fibers suitable for

textile application were reported to have aspect ratios

usually from 103 to 105 (Das et al. 2010). Moreover,

mechanical properties of the fibers are also critical to

their spinnabilities. Fibers with stress–strain curves

similar to cotton are promising to be processed into

yarns in traditional cotton spinning systems.

Different alkali treatments have been studied to

extract natural cellulose fibers from bark of cotton

stalks. Reddy and Yang (2009) first used alkali

treatment to extract fibers from bark of cotton stalks,

which had a high fineness value (around 50 dtex) and a

high Young’s modulus of 144 g/denier. A combining

method of sequential alkali, carding and alkali treat-

ments (alkali-carding-alkali) was used to extract fibers

with a low fineness value (around 25 dtex) but a low

aspect ratio (around 660) (Li et al. 2012). Alkali

treatment at temperature of above 100 �C was usually

used in pulp industry and presented high efficiency to

remove non-cellulosic constituents but resulted in

fibers with length too short to be spun into yarns (Zhou

et al. 2012). Based on our best knowledge, there have

not been any investigations to prepare textile grade

long natural cellulose fibers from bark of cotton stalks.

Steam explosion is a green method with high

efficiency to process biomass and could be performed

on a large scale (Oliveira et al. 2013). In the process,

steam was forced into fibrous tissues and cells of

biomass after pressurization, and then the pressure was

rapidly released in an explosive decompression event.

At present, there are mainly two steam explosion

modes, valve blow mode and catapult explosion mode.

The catapult mode can complete the explosion within

0.0875 s while the valve blow mode needs at least

0.5 s (Yu et al. 2012). Steam explosion which adopted

catapult mode was a sustainable and practical pre-

treatment for extraction of feather keratin (Zhao et al.

2012). So far, there have been only a few investiga-

tions of steam explosion technology for cotton stalks.

Cao et al. (2011) investigated the effect of continuous

steam explosion on mechanical properties of PP/

cotton stalk composites. Ibrahim et al. (2010) steam

exploded cotton stalks at 220 �C for 5 min with valve

blow mode.

In this research, bark of cotton stalks was treated

using three methods, including steam explosion, a

combination of steam explosion and potassium

hydroxide treatments (explosion–KOH) and a combi-

nation of steam explosion, potassium hydroxide and

peroxide treatments in succession (explosion–KOH–

H2O2). The carding yield, morphology, composition,

crystalline structures and tensile properties of three

different cotton stalk fibers were investigated. Textile

grade long natural cellulose fibers with fineness value

of 27 dtex had been extracted from bark of cotton

stalks by explosion–KOH–H2O2.
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Experimental

Materials

Cotton stalks were collected from cotton field in

Yancheng city, Jiangsu Province, PRC. The outer bark

was stripped manually, air dried and cut into segments

with length of 8 cm before the extraction. All chem-

icals were reagent grade and purchased from Nantong

Jingke Instrument Co. Ltd, PRC.

Extraction methods of cotton stalk fibers and single

cells

Bark of cotton stalks was treated with methods of steam

explosion, explosion–KOH and explosion–KOH–H2O2,

respectively. In the method of steam explosion, a steam

explosion test bed QBS-80 from Hebi Steam Explosion

Research Center (Henan Province, PRC) was used. Bark

of cotton stalks was immersed in water at room

temperature for 24 h. According to our recent investi-

gation (Hou et al. 2014), 70 g of wet bark of cotton stalks

(about 30 g of standard weight) for treatment each time

were placed into a chamber of 400 ml, heated at a

saturated steam pressure of 2.0 MPa for 2 min and then

exploded within 0.0875 s to separate barks of cotton

stalks into fine fibers. The conditions chosen resulted in

fibers with the best aspect ratio and retention of

mechanical properties. The exploded fibers were rinsed

with hot water immediately and dried under ambient

conditions. In the method of explosion–KOH, bark of

cotton stalks was first exploded by steam explosion

method and the exploded fibers were then treated in

potassium hydroxide solution with concentration of

15 wt% at temperature of 100 �C for 120 min with a

liquor-to-fiber weight ratio of 30:1. After being treated

with potassium hydroxide, fibers were rinsed with hot

water immediately and dried at room temperature. In the

method of explosion–KOH–H2O2, fibers extracted by

explosion–KOH method were further treated in peroxide

solution with concentration of 0.5 wt% and pH value of

10.5 at 80 �C for 120 min, then rinsed thoroughly with

hot water and dried at room temperature.

Single cells were obtained using the following

method reported by Reddy and Yang (2009). The

exploded fibers were macerated in a mixed solution of

10 wt% nitric acid and 10 wt% chromic acid held a

same proportion and the mixed solution was heated to

60 �C for 5 min, and then was deposited at room

temperature for 24 h. Single cells were thoroughly

washed with water, dried with acetone at room

temperature and then their lengths and widths were

measured using a digital imaging system (Smart

V350D; Nanjing Jieda Technology Co. Ltd, PRC) in

terms of mm and lm, respectively.

Extraction yield and carding yield

Fibers extracted by the three methods were all carded

before their structures and properties were determined.

A stainless steel comb with teeth density of 12.5

needles per centimeter was used to card fibers by

hackling method which was usually used for flax

carding. One end of the fiber bundles was grasped and

the other side was carded, then the fibers were carded

again in reverse. The carding process was repeated for

at least 3 times until the impurities were removed and

the fiber bundles were split into finer fibers. Extraction

yield and carding yield were calculated according to

Eqs. (1) and (2), respectively. Carding yield was used

to describe the easiness of carding process for the

fibers in future spinning procedure.

Extraction yield ¼ w1

w0

� 100% ð1Þ

Carding yield ¼ w2

w1

� 100% ð2Þ

where w0 was dry weight of the bark of cotton stalks;

w1 was dry weight of the fibers obtained after

extraction and before carding; w2 was dry weight of

the fibers obtained after extraction and carding.

Morphological analysis of fibers and single cells

from bark of cotton stalks

A 2800 model (KYKY Technology Co. Ltd, PRC)

scanning electron microscope (SEM) was used to

observe the longitudinal features of single cells and

cotton stalk fibers. The samples were mounted on

conductive adhesive tape, sputtering coated with gold

palladium and observed under the SEM at a voltage of

15 kV.

Fiber dimension and aspect ratio

Fineness of fibers was determined in terms of dtex,

which was defined as conditioned weight of the fibers

Cellulose (2014) 21:3851–3860 3853
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in grams per 10,000 m. Aspect ratios of fibers were

calculated according to Eq. (3).

Aspect Ratio ¼ L

0:03568�
ffiffiffiffiffiffiffiffi

Tt=d

q ð3Þ

where L is fiber length in term of mm; Tt is linear

density of fibers, which is defined as conditioned

weight of the fibers in grams per 1,000 m; d is density

of fibers. Cotton, flax, cotton stalk fibers have the

densities of 1.55, 1.49, 1.49 g/cm3 respectively (Yao

et al. 2011).

Determination of fiber composition

Contents of pectin, cellulose, lignin and hemicellulose

in cotton stalk fibers were determined according to

China National Standard of GB5889-86.

FTIR spectroscopy

Spectra of Fourier Transform Infrared Attenuated

Total Reflection (FTIR-ATR) were recorded in the

transmittance mode on a Nexus 670 model FTIR

spectroscope (Nicolet Instrument Company, USA).

Sixty-four scans were recorded for each sample at a

resolution of 2 cm-1 from 650 to 4,000 cm-1.

Crystalline structures

Crystalline structures of cotton stalk fibers were

determined on a SMART APEX II model X-ray

diffractometer (Bruker Co. Ltd, Germany). A copper

target X-ray tube was set to 40 kV and 30 mA. Fibers

were powdered to pass through a 250 lm mesh and

then pressed into pellets with 5 mm thick. The pellets

were placed in the diffractometer and the diffraction

intensities were recorded with 2h ranging from 5 to

50�. Peak decomposition and profile fitting was

performed in the diffraction patterns after subtracting

the background and air scatter with the software

JADE. The ratio of the crystalline area to the total

diffracted area was taken as the % crystallinity.

Tensile properties

Tensile properties of fibers including breaking tenac-

ity, breaking elongation and Young’s modulus were

determined using a tensile tester (LLY-06B; Laizhou

Electron Instrument Co. Ltd, PRC). The fibers were

conditioned at 21 �C and 65 % relative humidity for

24 h before test. A gauge length of 10 mm with a

crosshead speed of 10 mm/min was used.

Statistics

Three replications were done for the determination of

finenesses, yields, crystallinity and composition of

cotton stalk fibers. Approximately 200 fibers were

tested for determining the length and tensile properties

of cotton stalk fibers and about 200 single cells were

also measured for their dimensions. All test data were

reported as the average with standard deviation.

Results and discussion

Morphology of single cells from bark of cotton

stalks

Figure 1 shows the SEM image of single cells from

cotton stalk fibers. As seen from Fig. 1, single cells in

cotton stalk fibers are flat and have grooves over the

entire length. Ends of single cells are tapered gradually

and characterized with a few convolutions as seen in

cotton fibers. Table 1 shows dimensions of single cells

from cotton stalk fibers compared with those from flax

and cotton fibers. As shown in Table 1, the length and

Fig. 1 SEM image of single cells from cotton stalk fibers
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aspect ratio of single cells from cotton stalk fibers were

much lower than those from flax and cotton fibers.

Therefore, it was rather difficult to extract fine fibers

from bark of cotton stalks with aspect ratios as high as

flax.

Morphology of cotton stalk fibers

Figure 2 shows SEM images of cotton stalk fibers

extracted by different methods. As seen from Fig. 2a,

the fibers extracted by steam explosion method have a

rough surface on which non-cellulose impurities

attached. A relative smooth surface is shown in

Fig. 2b for the fibers extracted by explosion–KOH

method, suggesting that most impurities were

removed during the alkali treatment. The fibers

extracted by explosion–KOH–H2O2 method exhibit

more clean and smooth surfaces as shown in Fig. 2c,

which indicates that the non-cellulose impurities were

removed more thoroughly in the peroxide treatment.

Table 2 shows dimensions and yields of cotton

stalk fibers extracted by different methods compared

with those of cotton and flax. As seen in Table 2, the

fibers extracted by exposion-KOH–H2O2 treatment

had the best fineness of 27 ± 4 dtex, the shortest

length of 55.1 ± 10.1 mm and the highest carding

yield of 68.6 % in three fibers extracted by different

methods. Compared with the cotton stalk fibers with

fineness of 25 dtex obtained by alkali-carding-alkali

method, the cotton stalk fibers extracted by exposion-

KOH–H2O2 treatment had the similar fineness and

significantly longer length. The length of the fibers is

also an important factor that has significant effect on

the spinnability and longer fibers can be processed into

finer and better yarns. The length of 55.1 ± 10.1 mm

could be spun into yarns by cotton spinning system.

After steam explosion, bark of cotton stalks was

separated into bundles with a coarse fineness of

57 dtex and a low carding yield of 21.5 %. After

explosion–KOH treatments, the fineness value of

cotton stalk fibers decreased by 50 % to 28 dtex.

After explosion–KOH–H2O2 treatments, the fineness

value of the fibers did not decrease but the carding

yield increased to 68.6 %, which indicated that the

fibers will be easier to be separated in further spinning

process. Compared with the cotton stalk fibers

prepared by Li et al. (2012), the fibers extracted by

explosion–KOH–H2O2 treatment have the similar

fineness and the significantly higher aspect ratio,

which increased from 660 to 1,150. The low aspect

ratios of 660 for cotton stalk fibers by Li et al. (2012)

might result from the inappropriate carding process to

the rigid fibers. Fibers extracted by alkali treatment

had a coarse fineness of 51 dtex (Reddy and Yang

2009). By explosion–KOH–H2O2 treatment, cotton

stalk fibers had not only low fineness value of 27 dtex

but also high aspect ratio of 1,150, which was close to

those of cotton and flax. Fibers with lower fineness

Table 1 Dimensions of single cells from cotton stalk fibers

compared with those from flax and cotton fibers

Origin of single

cells

Single cell dimensions

Length

(mm)

Width

(lm)

Aspect

ratio

Cotton stalk fibers 1.2 ± 0.7 10.7 ± 3.5 112

Flax 4–77 5–76 800–1,013

Cotton 15–56 12–25 600–4,667

Data for flax and cotton are from Reddy and Yang (2008, 2009)

Fig. 2 SEM images of cotton stalk fibers extracted by a steam explosion method, b explosion–KOH method, c explosion–KOH–H2O2

method
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value and higher aspect ratio will present a higher

application value in textile industry. Low fineness

values and high aspect ratios of the fibers resulted from

the pretreatment of steam explosion. High density

steam penetrated into fibrous tissues in the bark of

cotton stalks and then quickly expanded and separated

the compact structures through an explosive decom-

pression within a short time of 0.0875 s (Yu et al.

2012; Zhao et al. 2012). Therefore, the fibers extracted

from the bark of cotton stalks by steam explosion

suffered less damage and maintained about 90 % of

the length of raw bark. Overall, the cotton stalk fibers

by explosion–KOH–H2O2 showed significantly better

spinnabilities than those reported by previous

researches.

Composition of cotton stalk fibers

Table 3 shows the composition of cotton stalk fibers

extracted by different methods. As seen in Table 3,

fibers extracted by explosion–KOH–H2O2 treatment

had the highest cellulose content and lowest lignin

content. The concentrations of pectin and hemicellu-

lose in cotton stalk fibers decreased and the concen-

tration of lignin did not decrease after steam

explosion. Therefore, the separation of fiber bundles

in the bark of cotton stalks was mainly associated with

the removal of pectin and hemicellulose during steam

explosion. Potassium hydroxide treatment removed

about 87 % of hemicellulose and 45 % of lignin in the

fibers, which agreed well with that the fineness value

of cotton stalk fibers significantly decreased after

explosion–KOH treatments as shown in Table 2.

Although hydrogen peroxide treatment could remove

less lignin than the alkali treatment, it played an

important role in improving fibers carding yield as

shown in Table 2. Generally, alkali reagents remove

the lignin component in the biomass mainly through

the cleavage of a-ether linkages and ester bonds

between lignin and hemicellulose molecules or by the

hydrolysis of uronic and acetic esters (Xiao et al.

2001). Some functional structures in lignin macro-

molecules such as benzene ring in phenolic structure

and side chain with carbonyl group or olefin aldehyde

structure are not sensitive to alkali but can be

destroyed by the oxidation of hydrogen peroxide

(Agnemo and Gellerstedt 1979; Gellerstedt and Agn-

emo 1980). Therefore, the remained lignin compo-

nents after alkali treatment could be further eliminated

by hydrogen peroxide, which resulted in looser

internal structure and higher carding yield of the

fibers. However, excessively high concentration of

H2O2 or high temperature has been proved harmful to

fiber properties (Salam et al. 2007; Salam 2006). In

this paper, a moderate concentration of hydrogen

peroxide of 0.5 wt% was used to maintain necessary

length and mechanical properties of cotton stalk fibers

for potential textile applications.

FTIR spectra of bark of cotton stalks and cotton

stalk fibers extracted by three different methods are

shown in Fig. 3. The absorbance at 3,340 and

2,895 cm-1 are ascribed to the stretching vibrations

of O–H (Ibrahim et al. 2010; Zhou et al. 2012;

Alemdar and Sain 2008; Jayaramudu et al. 2010) and

C–H groups (Jayaramudu et al. 2010; Ibrahim et al.

2010; Obi Reddy et al. 2013) in cellulose, respec-

tively. The peak at 897 cm-1 corresponds to b-

glycosidic linkages between the monosaccharides of

cellulose (Zhou et al. 2012; Alemdar and Sain 2008;

Obi Reddy et al. 2013). The band at 1,725 cm-1 is due

Table 2 Dimensions and yields of cotton stalk fibers extracted by different methods compared with those of cotton and flax

Fibers Extraction method Fineness

(dtex)

Length

(mm)

Aspect ratio Extraction

yield (%)

Carding

yield (%)

Cotton stalk fibers Steam explosion 57 ± 8 72.0 ± 24.2 1,035 55.0 ± 3.2 21.5 ± 1.4

Explosion–KOH 28 ± 5 67.1 ± 17.3 1,367 37.7 ± 2.5 30.2 ± 2.2

Explosion–KOH–H2O2 27 ± 4 55.1 ± 10.1 1,150 34.1 ± 2.1 68.6 ± 3.1

Alkali 50 ± 14 80 ± 24 1,211 28.0 NA

Alkali-carding-alkali 25 30.8 660 NA NA

Cotton – 1–4 15–56 863–5,864 – –

Flax – 1–20 20–140 1,573–3,403 – –

Data for flax, cotton, alkali method and alkali-carding-alkali method are from Reddy and Yang (2008, 2009) and Li et al. (2012),

respectively
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to the absorption of carbonyl stretching of ester or

carboxyl groups in hemicellulose (Subramanian et al.

2005; Alemdar and Sain 2008; Xu et al. 2009;

Jayaramudu et al. 2010; Sgriccia et al. 2008; Obi

Reddy et al. 2013; Morán et al. 2008; Zuluaga et al.

2007; Obi Reddy et al. 2013). The absorbance at 1,616

and 1,229 cm-1 are ascribed to the stretching vibra-

tions of carbonyl groups (Zuluaga et al. 2007; Morán

et al. 2008; Sgriccia et al. 2008) and C–O stretching of

acetyl group (Obi Reddy et al. 2013; Zuluaga et al.

2007) in hemicellulose, respectively. Peaks at 1,725,

1,616 and 1,229 cm-1 turned to be blunt or disap-

peared in the fibers extracted by explosion–KOH

method (Fig. 3c) suggesting that most hemicellulose

in cotton stalk fibers had been removed after alkali

treatment, which agreed well with the significant

reduction of hemicellulose content in cotton stalk

fibers by alkali treatment as seen in Table 3. The

absorbance at 1,505 cm-1 is associated with the

aromatic skeletal vibration in lignin (Alemdar and

Sain 2008; Morán et al. 2008; Zuluaga et al. 2007;

Ibrahim et al. 2010). Although the intensities of the

peaks at 1,505 cm-1 for cotton stalk fibers slightly

decreased, they still could be observed suggesting that

lignin was not completely removed from cotton stalk

fibers.

Crystalline structure of cotton stalk fibers

X-ray diffraction patterns of cotton stalk fibers

extracted by three different methods have consider-

able differences as shown in Fig. 4. As shown in

Fig. 4, X-ray diffraction intensity pattern of cotton

stalk fibers extracted by steam explosion method

presented major peaks at 2h angles of approximately

22.7� and 35� corresponding to the (200) and (004)

lattice planes for cellulose I crystallites respectively

(Morán et al. 2008; Chen et al. 2010; French 2014).

The two peaks at 2h angles of 14.9� and 16.6�
corresponding to the (1–10) and (110) lattice planes

for cellulose I crystallites respectively had a tendency

to merge as a single broad peak, which was explained

by the presence of high proportion of non-cellulose

compositions (Reddy and Yang 2009; Jayaramudu

et al. 2010; Thygesen et al. 2005). Compared with the

diffraction pattern of cotton stalk fibers extracted by

steam explosion method, X-ray diffraction intensity

patterns of cotton stalk fibers extracted by explosion–

KOH and explosion–KOH–H2O2 methods each pre-

sented a major peak at 2h angle of approximately

22.3�, a small peak at 2h angle of approximately 12�
and the two gradually separated peaks at 2h angles of

approximately 14.9� and 16.6�. According to the

idealized powder diffraction patterns for cellulose

polymorphs by French (2014), cellulose II crystallites

had three main diffraction peaks at 2h angles of 12�,

20� and 22.5� corresponding to the (1–10), (110) and

(020) lattice planes respectively. These differences in

X-ray diffraction patterns for the cotton stalk fibers

extracted by explosion–KOH and explosion–KOH–
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Fig. 3 FTIR spectra of a bark of cotton stalks and cotton stalk

fibers extracted by b steam explosion method, c explosion–KOH

method, and d explosion–KOH–H2O2 method

Table 3 Composition of

cotton stalk fibers extracted

by different methods

Materials Extraction

method

Pectin

(wt%)

Hemicellulose

(wt%)

Lignin

(wt%)

Cellulose

(wt%)

Bark of

cotton stalks

– 8.3 ± 1.2 19.3 ± 1.4 23.1 ± 1.3 32.1 ± 1.8

Cotton stalk

fibers

Steam explosion 2.7 ± 0.4 15.7 ± 0.6 24.3 ± 1.2 53.8 ± 2.6

Explosion–KOH 2.2 ± 0.2 2.0 ± 0.2 13.3 ± 0.3 80.4 ± 3.2

Explosion–KOH–H2O2 0.2 ± 0.1 4.4 ± 0.5 11.8 ± 0.4 82.1 ± 3.8

Cellulose (2014) 21:3851–3860 3857

123



H2O2 methods likely resulted from the adding of the

diffraction intensity patterns of cellulose I and II

crystallites, which indicated that these two fibers

might contain both cellulose I and II crystallites. The

KOH treatment with concentration of 15 wt% at

temperature of 100 �C for 120 min may result in a

small amount of crystallite conversion from cellulose I

to cellulose II. The gradual separation of peaks at 2h
angles of 14.9� and 16.6� could have resulted from

further removal of some non-cellulose components in

these two fibers by the alkali and peroxide treatments

after the steam explosion treatment.

Table 4 shows the crystallinity of cotton stalk fibers

extracted by different methods. As seen from Table 4,

fibers extracted by explosion–KOH method have

higher crystallinity compared to the other fiber sam-

ples. The increase of crystallinity in the process of

alkali treatment is closely related to the significant

removal of non-cellulose compositions (Abe and Yano

2009). The reduction of crystallinity after the peroxide

treatment could be explained by the oxidative degra-

dation of some cellulose macromolecules (Reddy et al.

2007).

Tensile properties of cotton stalk fibers

Figure 5 shows the stress–strain curves of cotton stalk

fibers extracted by different methods compared with

those of flax and cotton fibers. As seen from Fig. 5,

cotton stalk fibers extracted by different methods

present mechanical properties of lower breaking

strength, lower Young’s modulus and higher breaking

elongation compared with those of flax. The lower

modulus for cotton stalk fibers might be associated

with the pretreatment of steam explosion. Under high

pressure, the steam penetrated into the bark of cotton

stalks, destabilized crystals and intermolecular bonds

without causing substantial damage to the molecular

chain in the biomass (Zhao et al. 2012). Therefore, the

elongation occurred more easily and hence reduced

the modulus for cotton stalk fibers. The stress–strain

curve of the fibers extracted by explosion–KOH–H2O2

method was much close to that of cotton fibers and

showed a good spinning potential in traditional cotton

spinning system. Although the treatment of hydrogen

peroxide reduced the breaking strength of cotton stalk

fibers, it was quite essential to increase the carding

yield and therefore improve the application value of

cotton stalk fibers.

Conclusions

Textile grade long natural cellulose fibers with fine-

ness of 27 dtex, length of 55 mm and aspect ratio of

1,150 have been extracted from bark of cotton stalks

by a combination of steam explosion, potassium

hydroxide and peroxide treatments in succession

(explosion–KOH–H2O2). Steam explosion was used

as a pretreatment to separate bark of cotton stalks into

coarse fibers with fineness as high as 57 dtex.

Subsequent treatment with potassium hydroxide

removed about 87 % of hemicellulose and 45 % of

lignin in the fibers, resulting in a significant decrease

of fiber fineness value to 28 dtex. Treatment with

hydrogen peroxide following explosion–KOH sub-

stantially improved the carding yield of fibers from 30

to 69 % due to the further removal of pectin and lignin,

although H2O2 did not reduce the fiber fineness value.

Compared to the cotton stalk fibers obtained by

previous researchers, fibers extracted by explosion–
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Fig. 4 X-ray diffraction intensity patterns of cottons stalk

fibers extracted by a steam explosion method, b explosion–KOH

method and c explosion–KOH–H2O2 method

Table 4 Crystallinity of cotton stalk fibers extracted by dif-

ferent methods

Extraction method Crystallinity (%)

Steam explosion 38.0 ± 1.4

Explosion–KOH 68.0 ± 3.2

Explosion–KOH–H2O2 51.1 ± 3.1
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KOH–H2O2 method had not only lower fineness value

but also higher aspect ratio. Cotton stalk fibers were

characterized with lower Young’s modulus and higher

breaking elongations compared to flax. The stress–

strain curve of fibers extracted by explosion–KOH–

H2O2 was close to that of cotton fibers. Overall, cotton

stalk fibers reported in this research presented a better

potential to be used as textile fibers than those reported

previously.
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